An ultrasonic backscattered signal from material comprised of quasiperiodic scatterers exhibit redundancy over both its phase and magnitude spectra. This paper addresses the problem of estimating mean-scatterer spacing from the backscattered ultrasound signal using spectral redundancy characterized by the spectral autocorrelation (SAC) function. Mean-scatterer spacing estimates are compared for techniques that use the cepstmm and the SAC function. A-scan models consist of a collection of regular scatterers with Gamma distributed spacings embedded in diffuse scatterers with uniform distributed spacings. The model accounts for attenuation by convolving the frequency dependent scattering centers with a time-varying system response. Simulation results indicate that SAC-based estimates converge more reliably over smaller amounts of data than cepstrum-based estimates. A major reason for the performance advantage is the use of phase information by the SAC function, while the cepstrum uses a phaseless power spectral density that is directly affected by the system response and the presence of diffuse scattering (speckle). An example of estimating the mean-scatterer spacing in liver tissue also is presented.
A. The spectral autocorrelation function
The phase and magnitude spectrum of backscattered energy from regularly spaced scatterers contains information related to the spacing mean and variance. While the PSD can be used to characterize the scatterer spacing, it relies only on the magnitude spectrum, which is directly affected by the system response and diffuse scattered energy. The SAC funi:-tion, however, uses information in the phase spectrum, which results in local maxima in the bifrequency plane where the mean contributions of the diffuse scatterer energy is zero (this is not the case for the PSD). As a result, the SAC function provides a more robust estimate than the PSD for scatterer spacing in the presence of diffuse scattering. These points are illustrated in this section by defining the SAC function and deriving a relationship between the regular and In the cepstral approach for estimating mean-scatterer spacing, the system effect is reduced from the scatterer component by taking the logarithm of Eq. (10) (to change multiplicative relationships to additive), and then applying highpass filtering? The diffuse component, however, is not separated from the regular component in this process, since they remain together in the argument of the logarithm term. On the other hand, the spectral region of the SAC function where f• v• f2 contains no contribution from the diffuse scatterers. Therefore, when the SAC function is computed from the data, the off-diagonal terms result in higher regular-todiffuse scatterer signal ratio than the diagonal terms (PSD components) after sufficient averaging.
A normalization for the SAC function provides a way of minimizing the amplitude variations due the system and propagation effects. The normalization is given by
l where P(fl ,f2) denotes the correlation coefficient. Note the resulting diagonal of the normalized SAC function is unity. Thus, all the information regarding scatten:r spacing is in the off-diagonal components of the normalized SAC function, and amplitude variations in the spectrum due to systems effects are eliminated.
Normalization was not used previously by Varghese and
Donohue, 4 where the smallest scatterer spacing was determined graphically by the spectral correlation peak farthest away from the PSD diagonal. In the case of very regular tissue other spectral peaks occur closer to the PSD diagonal that correspond to larger scatterer spacing'a harmonically related to the smaller spacing. Due to the amplitude variation in the spectrum from the system response, spectral correlation peaks closer to the PSD diagonal have larger magnitudes as a result of their corresponding spectral zomponents being closer to the center of the system bandwidth. Since the normalization used in Eq. (11) divides the spectral correlation peak magnitude by the square root of the product of the magnitudes of its corresponding components along the PSD, the magnitude variations from the system are effectively removed, and correlation peaks which remain are due to the coherence in the phase information. It should be noted that the magnitude: variations in the PSD diagonal due to the scatter spacings are also eliminated by this normalization. The phase information, however, is sufficient to generate local maxima in the bifrequency plane for detecting the scatterer spacing. Thus, normalization of the SAC function allows for consistent detections of the spectral correlation peak location irrespective of the distance from the PSD. A simple numerical algorithm can be used to detect the maximum peak in the off-diagonal components (i.e., visual inspection of the SAC function is not necessary).
Since normalization is performed in the frequency domain and the system is band limited, useful information about the scatterer spacing is determined by the pulse width. To avoid amplifying low signal-to-noise (SNR) spectral regions, normalization is performed only in the region where significant energy is present in the PSD (typically the 3-6 dB region of the received signal spectrum). Spurious peaks will occur if low SNR regions are included in the normalization window (i.e., usually below the 10-dE bandwidth of the received pulse). These peaks will result in scatterer spacings being detected near or beyond the resolution limit of the system when no regular scatterer spacing is present in the Fig. l(a) and (b) . Note the presence of a periodicity at 1 mm, which is harmonically related to the 0.5-mm scatterer spacing. The diffuse component directly adds to the PSD, as was discussed in Eq. (15), and causes a broadening of the cepstral peaks, and an increase in the number of spurious peaks as seen in Fig. 1 (b) . diffuse component is at (4.9, 6.4) MHz, which corresponds to A f= 1.50 MHz, giving a scatterer spacing of 0.51 mm.
Monte Carlo simulations were used to compare the performance between the SAC and FFT cepstrum estimates of the mean-scatterer spacing. Convergence plots for the scatterer spacing estimate used 25 independent simulated A-scans with the same tissue and signal parameters. The A-scans were generated with gamma distributed random variables for the regular scatterer spacing. The diffuse scatterers were uniformly distributed throughout the microstructure with uniformly distributed scatterer strengths. The PSD and the SAC functions were computed using a hopping window with 4-mm length, and a 50% (J--2) overlap of the tapered data segments along the A-scan. The spectrum at each window location was averaged with the previous spectra to obtain an estimate for the PSD and the SAC function.
Both the computed mean scatterer spacing; (d) and the coefficient of variation (CV) of the spacing estimates are presented in Figs. 2 and 3 for increasing standard deviations in the regular scatterer spacing distribution. The coefficient of variation was computed as the ratio of the standard deviation of the estimates to the mean estimate computed over the results from the 25 simulated A-scans. Figure 2 presents the mean-scatterer spacing and the CV for only quasiperiodic scatterers (no diffuse scattering), as a function of the number of A-scan segments used. The plots show that the estimates obtained using ':he SAC function converges faster than the cepstral techniqt•e and has a lower CV. In Fig. 2(a) the SAC function meart-scatterer spacing  estimate (with 0.=3.15%) converges within 6 averages (corresponding to 14.4 mm or nearly four full data segments) , while the cepstral technique converges in about 14 averages with a small bias (i.e., less than 10%). Th.: CV also reduces to 0.0% for the SAC function within 6 averages. A major source of deterioration in the performance of the cepstral technique with no noise, is due to the presence of the harmonic at i mm, whose peak dominates for some A scans.
With an increase in the standard deviation of the regular scatterer spacing, the results in Fig. 2 This section illustrates the estimation of the regular scatterer spacing in the presence of the diffuse component and variation in the regularity of the scatterer distribution. The SAC function estimates perform better than the cepstral estimates in the presence of the diffuse scattering component. The SAC function includes phase differences between the different spectral components, which in the presence of coherent scatterers produces well-defined spectral correlation peaks. The spectral correlation peaks are relatively insensitive to the diffuse components since these scatterers have a random phase distribution and their contributions average out. Cepstral techniques, on the other hand, do not utilize phase information and operate on the PSD characterization of the signal, which is directly affected by the diffuse scattering component.
III. EXPERIMENTAL RESULTS
In this section data from in vivo scans of liver tissue are used to illustrate the mean-scatterer spacing estimate using the SAC function and cepstral analysis. For real tissue the SAC function exhibits significant spectral correlation components due to 'the regularity in the tissue structure. B-scan images of the liver were obtained using the Ultramark 9 ultrasound system (ATL, Bothell, WA). Liver scans were obtained using a transducer with a center frequency f•=3. Fig. 5(a) , corresponds to a scatterer spacing of 1.02 min. Two other correlation peaks at (3.0,2.7) MHz and (3.56,2.9) MHz correspond to scatterer spacings of 2.56 and 1.16 mm, respectively. The 2.56-mm spacing is harmonically related to the 1.02-mm spacing (i.e., periodicity from scatterers clustered 2 at a time). Although a 2.04-ram spacing is expected in this case, there is increased error associated with this peak due to an increased (doubled) variance in the spacing and significance leakage from the PSD values. As a result, the peak is not as sharp or as high as the one corresponding to the fundamental scatterer spacing. The correlation peak due to the dominant spacing is about 15.6% stronger than the peak due to the spacing of 2.56 mm, and
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